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The structure and dynamics of a single GM1 (Gal5-β1,3-GalNAc4-β1,4-(NeuAc3-α2,3)-Gal2-β1,4-Glc1-β1,1-Cer) embedded in a DPPC
bilayer have been studied by MD simulations. Eleven simulations, each of 10 ns productive run, were performed with different initial
conformations of GM1. Simulations of GM1-Os in water and of a DPPC bilayer were also performed to delineate the effects of the bilayer and
GM1 on the conformational and orientational dynamics of each other. The conformation of the GM1 headgroup observed in the simulations is in
agreement with those reported in literature; but the headgroup is restricted when embedded in the bilayer. NeuAc3 is the outermost saccharide
towards the water phase. Glc1 and Gal2 prefer a parallel, and NeuAc3, GalNac4 and Gal5 prefer a perpendicular, orientation with respect to the
bilayer normal. The overall characteristics of the bilayer are not affected by the presence of GM1; however, GM1 does influence the DPPC
molecules in its immediate vicinity. The implications of these observations on the specific recognition and binding of GM1 embedded in a lipid
bilayer by exogenous proteins as well as proteins embedded in lipids have been discussed.
© 2007 Elsevier B.V. All rights reserved.Keywords: Glycolipids; Cell surface recognition; Lipid environment; DPPC bilayer; Local perturbation of bilayer; Conformational restriction1. Introduction
Gangliosides are sialic acid-containing glycosphingolipids,
occur ubiquitously in vertebrate cell membranes and are
particularly abundant in the nervous system. Gangliosides are
embedded in the outer layer of the plasma membrane by their
hydrophobic ceramide moiety while the hydrophilic carbohy-
drate headgroup protrudes out of the membrane. Structural
diversity and predominant localization on the outer layer of theAbbreviations: Cer, Ceramide; DMPC, Dimyristoylphosphatidylcholine;
DPPC, Dipalmitoylphosphatidylcholine; DPPE, Dipalmitoylphosphatidyletha-
nolamine; EPC, Egg yolk phosphatidylcholine; FRAP, Fluorescence recovery
after photobleaching; Gal, Galactose; GalNAc, 2-Deoxy-2-amino-N-acetylga-
lactosamine; Glc, Glucose; GM1, Gal-β1,3-GalNAc-β1,4-(NeuAc-α2,3)-Gal-
β1,4-Glc-β1,1-Cer; GM1-Os, Oligosaccharide headgroup of GM1; MD,
Molecular dynamics; NeuAc, N-Acetylneuraminic acid; POPC, Palmitoylo-
leoylphosphatidylcholine; SASA, Solvent accessible surface area
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doi:10.1016/j.bbamem.2007.02.020plasma membrane enables gangliosides to participate in a
number of cellular phenomena [1–9]. A large variety of proteins
recognize and bind specific gangliosides present on the cell
surface. In fact, the ability of gangliosides to act as cell surface
receptors is exploited by certain bacteria for initial recognition
and infection of the host cell [10,11].
The conformational behavior of ganglioside headgroups in
lipid environment has been studied using NMR spectroscopic
[12,13] and modeling [14,15] studies. Structural characteristics of
gangliosides, such as diffusion constant, hydration, and packing,
have also been studied when they are part of a lipid bilayer/
micelle/vesicle [16–25]. However, atomic level details of packing
and orientation of gangliosides with respect to the bilayer, the
influence of surrounding lipid molecules on the ganglioside
headgroup dynamics and the effect of ganglioside on the
surrounding lipid molecules are not known. In view of these,
MD simulations of a single GM1 molecule embedded in a
hydrated DPPC bilayer have been performed in the present study.
GM1-Os, the oligosaccharide moiety of GM1, and a hydrated
Fig. 1. Stereo view of the ball-and-stick representation of GM1 (top panel),
schematic showing the residue and torsion angle numbering for the
oligosaccharide headgroup of GM1 (middle panel) and atom nomenclature for
ceramide (bottom panel). Initial conformations around the C–C bonds of the
ceramide chain are trans except as indicated and these are from Ref. [28].
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to enable the delineation of the effect of lipid bilayer on the
conformational and orientation dynamics of GM1 and vice-versa.Table 1
Initial conformation of GM1 and the number of water molecules in various simulati
Simulation b Conformation a
ϕ1, ψ1, θ1 ϕ2, ψ2 ϕ3, ψ3
A −60,93,60 165,6 −65,7
B −60,93,60 167,5 −60,−23
C −60,93,60 54,7 −58,−24
D −60,93,60 170,0 −170,4
E 60,180,−60 60,0 180,−30
F 60,−60,180 30,0 −150,0
G 60,−60,180 60,0 180,0
H 60,180,180 60,−60 150,0
I −60,93,60 60,−60 −65,7
J 60,−60,120 90,0 180,0
K 60,−60,180 30,0 60,0
a The torsion angle nomenclature is as in Fig. 1.
b The suffix -Os is added for the simulations of GM1-Os.
c Simulations of GM1-Os.2. Methods
2.1. Conventions and definition
The residues of the oligosaccharide headgroup are numbered sequentially
starting from the reducing end of the oligosaccharide (Fig. 1). The inter-
saccharide linkages are given the same number as the non-reducing saccharide
of that linkage. The inter-saccharide torsion angle ϕ is defined as H1–C1–O–
CX′ except in NeuAc3-α2,3-Gal2 where it is taken as C1–C2–O–C3′; angle ψ
is defined as C1–O–CX′–HX′. The conformation of the saccharide–ceramide
linkage Glc1-β1,1-Cer is described by the angles ϕ1, ψ1, and θ1, which are
defined as Glc1:H1-Glc1:C1-Glc1:O1-Cer:C1, Glc1:C1-Glc1:O1-Cer:C1-Cer:
C2, and Glc1:O1-Cer:C1-Cer:C2-Cer:C3, respectively.
2.2. Initial conformations and bilayer configuration
The initial conformation of the various inter-saccharide linkages and the
ceramide–saccharide linkage were chosen from literature [26,27] (Table 1). The
conformations for the exocyclic hydroxyl groups were chosen randomly and
those of the ceramide chain are as in Fig. 1 [28]. The exocyclic glycerol moiety
of NeuAc3 was taken to be fully extended.
The DPPC bilayer configuration obtained at the end of the previously
reported simulation ABI [29] was taken as the initial configuration for the
present study. Water molecules were removed from this system and one DPPC
molecule was replaced by a GM1 molecule. The latter was placed in such a
way that the Z-coordinate of the Cer:O1′ atom (Fig. 1) is same as the average
Z-coordinates of the carbonyl oxygen atoms of DPPC molecules in that
monolayer. The system was energy minimized, enclosed in a box of size
4.9×6.1×11 nm and solvated. The water molecules present in the hydrophobic
core of the lipid molecules were removed. One water molecule was replaced by a
Na+ ion using the genion module of GROMACS to neutralize the negative
charge of the sialic acid moiety.
2.3. Simulation details
Eleven simulations that differed in the initial conformation of GM1 and/or
the ceramide–saccharide linkage were carried out for the system consisting of
1 GM1 (126 atoms)+97 DPPC (50 atoms each)+1 Na++water molecules
(Table 1). After energy minimization, the system was simulated for 10 ps with
the positions of GM1 and DPPC restrained for relaxing the solvent molecules.
The system was further simulated to relax the GM1 molecule by restraining the
positions of the DPPCmolecules. This was followed by 1 ns of equilibration and
10 ns of productive run.
Eleven separate simulations were also run for GM1-Os, the pentasaccharide
headgroup of GM1 molecule. The initial conformations are same as those usedons
Number of water molecules
ϕ4, ψ4 ϕ5, ψ5 GM1-Os c GM1 in DPPC
47,19 79,−22 2133 6664
48,14 172,10 2135 6656
54,9 170,14 2137 6655
151,11 −179,0 2133 6653
60,0 30,0 2129 6700
60,60 60,0 2132 6661
30,−60 30,0 2130 6659
60,0 60,60 2131 6682
47,19 79,−22 2130 6655
48,14 60,60 2130 6648
60, 60 60,0 2130 6656
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minimized, enclosed in a cubic box of size 4 nm and solvated. One of the water
molecules was replaced by a Na+ ion. The resulting system consisting of GM1-
Os+1 Na++water was energy minimized and simulated for 10 ps by restraining
the position of the solute atoms. This was followed by a 1 ns equilibration
simulation and 10 ns productive run.
2.4. Simulation parameters
Simulations were performed using GROMACS 3.1.4 [30,31] run in parallel
on an Intel Xeon 2.4 GHz dual processor system under Red Hat Linux 8.0.
Simulations were performed in NPT ensemble with anisotropic pressure
coupling. Pressure was coupled anisotropically using Berendsen's algorithm
[32]; reference pressure was set to 1 bar, coupling constant to 1 ps and
isothermal compressibility to 4.5×10−5 bar−1. Pressure coupling was not
applied for GM1-Os simulations due to the small size of the system. The
temperature was kept constant at 325 K through an external thermostat [32]
with a coupling constant of 1 ps. The simulation temperature was chosen such
that it is higher than the main transition temperature (viz., 315 K) for DPPC
[33].
The bonding and nonbonding parameters are from Berger et al. [34] and the
atomic charges are from Chiu et al. [35]. The van der Waals interactions were
cutoff at 1.0 nm. Particle mesh Ewald summation method was used for long-
range electrostatic interactions since it was found to be better than simple cutoffs
[36,37]; the cutoff was set to 1.0 nm for real space calculation. The bond lengths
were constrained using SHAKE. Periodic boundary conditions were applied in
all the three directions. The equations of motion were integrated with a time step
of 2 fs and the trajectories were saved at 4 ps intervals.
The united atom GROMOS force field with the modifications suggested by
Spieser et al. [38] was used for carbohydrates. This force field has been used to
simulate GM3 bilayer [39]. The Ryckaert–Bellemans potential as used for
phospholipid hydrocarbon chains [34] was used for the ceramide hydrocarbonFig. 2. Snapshots of the simulations A to K just prior to the equilibration run; the sim
perpendicular to the XZ-plane, as can be inferred from the frame of reference shown at
space-fill, respectively, using RasMol [80]. Water molecules have been omitted from
following are encountered sequentially: water, DPPC monolayer without GM1 (lowetail. The non-bonding parameters between the atoms of DPPC and the atoms of
GM1 were taken as suggested for the lipid force field (lipid.itp; http://moose.
bio.ucalgary.ca/index.php?page=Downloads). The non-bonding interaction
between NeuAc3:O11/O12 and GalNAc4:HO6/Gal2:HO2 were excluded to
prevent the NeuAc3-α2-3-Gal linkage from accessing disallowed conforma-
tions. The bond, angle and dihedral bond parameter around double bond of
ceramide were same as that used for the simulation of sphingomyelin bilayer
[40]. The trajectories were analyzed using the standard GROMACS tools, as
well as in-house programs. Solvent accessible surface areas were calculated
using NACCESS2.1.1 with default values for all the parameters [41].3. Results
3.1. Simulations D, E and H
The conformational and orientational dynamics of the
saccharide moiety at the membrane surface is determined by
interplay of the conformational preferences of the inter-
saccharide/saccharide–ceramide linkages and by the restrictions
imposed by the membrane surface. Of the eleven simulations
that were performed (Table 1), the choice of the initial
conformation for simulations D, E and H are such that the
oligosaccharide headgroup of GM1 is partly embedded in the
bilayer (Fig. 2). It continues to be so even after 11 ns of
simulation as evident from the number density profile, which
shows the distribution of the phosphorous atoms to be beyond
that of sialic acid towards the water phase (data not shown). The
reason(s) for the absence of any change in the orientation of theulation identifier is on the top left of each snapshot. All the snapshots are viewed
the bottom left. DPPC and ganglioside molecules are rendered as wire-frame and
the display for clarity. Moving along the positive Z-direction from the origin, the
r monolayer), DPPC monolayer with GM1 (upper monolayer) and again water.
Table 2
Conformational dynamics of inter-saccharide linkages
GM1-Os in solution GM1 embedded in bilayer a Reported in literature for GM1b
Gal2-β1,4-Glc1
ϕ2: +sc/+sp regions mainly. Transition to the −sp region observed. ϕ2,ψ2: Overall, quite similar to that observed in
GM1-Os simulations. Restricted in some simulations.
ϕ2: +sp, +sc, −sp regions
ψ2: +sc, +sp, −sc, −sp, −ap regions
ψ2: Shows transitions between the +sp, +sc, −sp and −sc regions; less
frequently to the −ap and +ap regions.
NeuAc3-α2,3-Gal2
ϕ3: shows preference for the +ap region. ϕ3: −sc (simulations B and C). −sc to +ap in
simulation A. +ap to −sc in simulation F.
ϕ3: +ap
ψ3: +sp and −sp regionsψ3: Mainly prefers the −sp and −sc regions.
ψ3: −sp and −sc regions; also, +sp and +sc
regions in simulations A and F.
GalNAc4-β1,4-Gal2
ϕ4: +sp, +sc regions ϕ4, ψ4: Overall, quite similar to that observed in
GM1-Os simulations.
ϕ4: +sp, +sc
ψ4: −sp, +spψ4: +sp, −sp regions; transitions to the
−sc region observed in simulations A-Os, B-Os and C-Os.
Gal5-β1,3-GalNAc4
ϕ5: +sp, +sc regions ϕ5,ψ5: Overall, quite similar to that observed in
GM1-Os simulations. Restricted in some simulations.
ϕ5: +sp, +sc
ψ5: +sc, +sp, −sc, −sp regions ψ5: −sc, −sp, +sp
a (ϕ,ψ) plots are shown in Fig. 3 and S1.
b Summarized in Table 3.
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very clear. One conjecture is that the energy barrier for such a
transition is high and the headgroup continues to be in its initial
orientation because of the absence of any steric repulsion. The
length of the simulation may also be insufficient for observing
such changes in the headgroup orientation. Alternatively, the
oligosaccharide headgroup is stabilized in this orientation
because of favorable interactions with the DPPC molecules.
The orientation of the headgroup is such that the inter-
saccharide linkages will have restricted conformational
dynamics; in view of this, the trajectories from simulations D,
E and H were not considered for further analyses.Table 3
Conformations of inter-saccharide torsion angles reported in literature
System studied Technique a ϕ2, ψ2
GM1-Os b PE (in vacuo) 60,0 c
GM1 in Me2SO-d6 + in mixed
D2O-DPC-d38 micelle
NOE data+modeling 55,0; 35,−50; 5,−30; 3
GM1-Os NMR-derived distance
constraints+modeling
59,−50
GM1-Os PE (in vacuo) 44,2
GM1-Os PE (continuum dielectric
solvation model)
−31,−30
GM1-Os Modeling (GB/SA
solvation model)
51,−7
GM1-Os b MD (AMBER ff99) 70,21; 60,4
GM1 in DMPC bilayer MD (CVFF) 37,−23
GM1-Os+human Galectin NMR+modeling −30,−30; 30,−15; 45,
GM1-Os+cholera toxin
(PDB id 3CHB_E)
X-ray crystallography 48,1
a PE, potential energy calculations. MD, molecular dynamics simulations.
b Minimum energy conformer.
c This value is fixed in lower energy conformation.4. Characterization of the structure and dynamics of GM1
and the influence of lipid bilayer
4.1. Conformational dynamics of the oligosaccharide
headgroup
Conformations of the inter-saccharide linkages of GM1-Os
have been well studied in water/vacuum/GM1 micelles
[26,27,42–47]. The conformational dynamics of the inter-
saccharide linkages observed in the simulations of GM1-Os
(Table 2) are in good agreement with those reported hitherto in
the literature (Table 3). The Gal2-β1,4-Glc1 (ϕ2,ψ2) and Gal5-ϕ3, ψ3 ϕ4, ψ4 ϕ5, ψ5 Reference
−158,−24 26,14 50,11 [47]
0,−170 −165,−18 30,25 25,30; 30,−40 [12]
87,57 27,45 51,−56 [13]
−170,−13 39,11 45,8 [82]
−158,−29 23,34 50,−6 [83]
−158,−26 30,21 52,−10 [42]
−155,−41; −77,−27 27,32; 50,25 89,−27; 47,−48 [84]
−170,−12 25,−1 35,−9 [15]
5 70,15 25,25 45,−5 [46]
−168,17 33,6 55,6 [85]
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when GM1 is embedded in the bilayer (Fig. 3 and S1). Similar
restriction was also observed in the conformation of GM1 in
POPC bilayer from 2H-NMR studies [48]. This might be
because of the presence of the ceramide moiety at Glc1:C1 and/
or the proximity of the saccharide headgroup to the bilayer
surface. The conformational dynamics of GalNAc4-β1,4-Gal2
linkage is similar in both GM1+DPPC and GM1-Os simula-
tions. This linkage has been reported to be less flexible
compared to other inter-saccharide linkages in GM1 because of
the proximity of GalNAc4 to NeuAc3 [49] and the axially
oriented Gal2:O4 [27].
4.2. Orientational dynamics of the oligosaccharide headgroup
The orientation of the saccharide headgroup with respect to
the lipid bilayer is primarily determined by the angles
(ϕ1,ψ1,θ1; Fig. 1) which define the conformation of the
ceramide–saccharide linkage. The angle ϕ1 was found to be
more restricted than ψ1 and θ1; the region from −30 to +60
was found to be preferred (Fig. 4a). A broad range of confor-
mations are accessed by the angles ψ1 (from +90 to −60)
and θ1 (from +90 to −30), although θ1 mostly accesses the −sc
conformation (see Fig. S2 for torsion angle nomenclature).
Conformational transitions during the simulations are observedFig. 3. Conformations accessed by the inter-saccharide torsion angles during the sim
GM1-Os (simulations G-Os and I-Os). The torsion angle nomenclature is as in Fig. 1.
simulations are given as Supplementary Information (Fig. S1).for all the angles ϕ1, ψ1 and θ1. It is especially noteworthy that
such transitions do not bring about any significant change in the
orientation of the oligosaccharide headgroup relative to the
bilayer; instead, the changes are observed in the disposition of
the ceramide chain embedded within the DPPC bilayer. The
(+sc, ap, −sc) conformation observed in the crystal structure of
cerebroside [28] and the (+sc, ap, ap) and (+sc, ap, −sc)
regions found as the low energy conformations for glucosyl-
ceramide by energy minimization studies [50,51] are accessed
during the simulations (Fig. 4b, c). A hydrogen bond between
the Cer:N1-H and Glc1:O1 atoms is found for about 7% of the
total simulation time; the criteria used to infer the presence of a
hydrogen bond is H … Acceptor distance is ≤0.25 nm and
Donor-H … Acceptor angle is ≥120. When this hydrogen bond
is present, the torsion angle Cer:C1-Cer:C2-Cer:N1-Cer:H is
between 0 and −60 (mostly between −30 and −60) and θ1 is
between −60 and −150.
4.3. Distribution and orientation of monosaccharide moieties
The angles subtended by the vectors Gal2:C1→NeuAc3:
C5 and Gal2:C1→Gal5:C4 with the bilayer normal (viz., the
Z-axis) were used as indicators of the orientations of the Gal2-
NeuAc3 and Gal2-GalNAc4-Gal5 branches of the oligosacchar-
ide headgroup. The average values of these two angles in theulations of GM1 embedded in the DPPC bilayer (simulations G and I) and of
The initial conformations are as in Table 1. Conformations accessed during other
Fig. 4. (a) Histograms showing the conformations accessed by the torsion anglesϕ1, ψ1 and θ1. The accessed torsion angles were calculated from the trajectory data of
the eight simulations and were then grouped into bins of 10 ° intervals. (b) Plot of (ϕ1, ψ1, θ1) from all the eight simulations. (c) Bar diagram showing the population
of some of the most accessed combinations of ϕ1, ψ1, and θ1. The (+sc, ap, ap) conformation was also accessed but for only 0.45% of simulation time.
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and 54 to 101 (Gal2:C1→Gal5:C4) (Fig. 5a). This suggests
that, relative to each other, the Gal2-GalNAc4-Gal5 branch is
more towards the bilayer surface whereas the Gal2-NeuAc3
branch is more towards the solvent phase. These are also
evident from the coincidence of the number density profiles of
Gal2, GalNAc4 and Gal5 with that of the phosphorous atoms ofDPPC; the profile for sialic acid is beyond that of phosphorous
towards the solvent phase (Fig. S3). Thus, among the five
saccharide moieties of GM1, NeuAc3 is more towards the
solvent phase and Glc1 is more towards the hydrocarbon core
(Table 4).
The orientations of the five saccharide units of GM1 were
also calculated from the trajectory data. For this, the angle
Fig. 5. (a) Bar diagram showing the average values, along with standard
deviations, of the angle subtended by the vectors Gal2:C1→NeuAc3:C5 and
Gal2:C1→Gal5:C4 with the bilayer normal (viz., the Z-axis) in different
simulations. These angles are equivalent to the polar angle ϕ of spherical
coordinates. A value close to 0 indicates an orientation that is parallel to the
bilayer normal (or perpendicular to the bilayer surface) whereas a value close to
90 indicates an orientation that is perpendicular to the bilayer normal (or parallel
to the bilayer surface). The bilayer normal corresponds to the Z-direction of the
simulation box whereas the bilayer surface corresponds to the XY-plane. (b)
Average values and standard deviations of the angle subtended by the vector
C1→C4 of saccharides (C2→C5 in case of NeuAc3) with the bilayer normal.
The data are from all the eight simulations.
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respect to the bilayer normal was calculated (Fig. 5b). The
orientations vary during the simulations as can be seen from the
standard deviations. But on an average, Glc1 is oriented some-
what perpendicular to the bilayer surface (i.e., parallel to the
bilayer normal) whereas GalNAc4 is oriented somewhat
parallel to the bilayer surface.
The pyranose rings of Gal2, GalNAc4 and Gal5 are in the
preferred 4C1 conformation. In this conformation of the
pyranose ring, the hydrogen atoms bonded to the C1, C3, C4
and C5 atoms form a hydrophobic patch (the hydrogen atoms
bonded to the exocyclic –CH2OH group will also be part of this
patch when this group is gauche to both C4 and ring oxygen
atoms). The disposition of GalNAc4 is such that this
hydrophobic patch is facing the bilayer surface. It is not clear
if the preference of this orientation is because of the apolar
moieties of the choline group. The disposition of NeuAc3,
which does not have such a hydrophobic patch, is such that the
carboxylic group is towards the solvent phase. No preferential
disposition was observed for the terminal Gal5.4.4. Area of the GM1 headgroup
The average area for the ganglioside head group, calculated by
extracting the maximum and minimum coordinates along the X-
and Y-axes of the atoms of GM1, was found to be 1.92±
0.19 nm2. However, this method gives an approximate value of
the area of the headgroup. The area of headgroup was also
computed using Voronoi tessellation and was found to be 1.62±
0.15 nm2. A value of 2 nm2 has been reported by an X-ray
diffraction and reflectivity study of 20 mol% GM1/DPPE system
[23]. Unfortunately, the areas calculated by different methods are
known to vary over a wide range [52].
4.5. Hydration and hydrogen bonding
Hydration has an important role in the dynamics of carbo-
hydrates (see, for example, Ref. [53]). Also, gangliosides have
been shown to inhibit the activities of phospholipases A2 [54]
and C [55]. Since these enzyme activities are concurrent with
the dehydration process of the membrane interface [56], it has
been suggested that the high capacity of gangliosides for
structural water plays a role in these inhibitory effect [22]. From
the present simulations, it was found that the average number of
water molecules around the hydroxyl groups of GM1 embedded
in DPPC bilayer is nearly half of that for those of GM1-Os
(Table 5). Even the average number of inter- and intra-
molecular hydrogen bonds formed by GM1 in DPPC bilayer
is less than that formed by GM1-Os (Table 5). These reductions
are due to the embedding and proximity of GM1 to the DPPC
membrane. A DSC study, to determine the effect of various
lipids on the lowering of the melting point of water, found 22–
30 molecules of water per molecule of GM1 to be apparently
unfreezable [16]. On an average, about 30 molecules of water
were found to be tightly bound to the head group of GM1 at
200:1 2H2O/ganglioside molar ratio by
2H-NMR spectroscopic
study [22]. From time-resolved small angle X-ray scattering
measurements, about 50 water molecules per molecule of GM1
were found to be occluded in the micelle at ∼50 °C [24].
The SASA of the five monosaccharide moieties of GM1
embedded in the bilayer are less than those of GM1-Os (Fig. 6).
The SASA values for GM1 in DPPC show considerable va-
riations, as can be inferred from the large standard deviations.
This suggests that the extent to which the bilayer masks the
surface area of the oligosaccharide is variable, reflecting the
dynamic nature of the headgroup. Incidentally, the decrease in
the SASA of NeuAc3 (i.e., the sialic acid group), a key
recognition element for several ganglioside-binding proteins, is
marginal.
5. Characterization of the DPPC bilayer and the influence
of GM1
5.1. Characteristics of the entire bilayer
Charge distribution and in turn, charged lipids at the lipid
bilayer surface is known to influence the activity of several
proteins [57]. Bilayer membranes containing GM1 have been
Table 4
Peak to peak distance (in nm) calculated from the number density profiles a
Sl. no. b Peaks c Simulation Bilayer
without
GM1
A B C F G I J K
1 P … Glc1 −0.21 −0.32 −0.43 −0.42 −0.10 −0.43 −0.62 −0.53 –
2 P … Gal2 0.21 0.11 0.11 −0.11 0.10 −0.21 −0.31 −0.11 –
3 P … NeuAc3 0.53 0.32 0.32 0.32 0.42 0.21 0.21 0.32 –
4 P … GalNAc4 0.11 0.21 0.32 −0.11 0.00 −0.32 −0.21 −0.11 –
5 P … Gal5 −0.11 0.21 0.43 0.21 −0.10 −0.21 −0.31 −0.11 –
6 N … N 3.9/3.5 4.0/3.7 3.9/3.9 4.0/3.5 3.9/3.8 3.9/3.4 3.9/3.6 3.9/3.6 3.9
7 P … P 3.8/3.7 3.8/3.5 3.9/3.6 3.8/3.6 3.8/3.8 3.9/3.5 3.8/3.6 3.8/3.3 3.6
8 O2 … O2 3.0/2.5 3.0/2.9 3.0/2.9 2.9/2.8 2.9/2.8 3.1/2.7 3.0/2.6 3.0/2.8 2.8
9 O1 … O1 3.2/2.9 3.2/2.8 3.2/3.0 3.2/3.0 3.1/3.1 3.3/2.8 3.2/2.9 3.2/3.2 3.1
a In serial numbers 1 to 5, negative values indicate that the saccharide is more towards the hydrocarbon core relative to phosphorous, whereas positive values indicate
that the saccharide is more towards the solvent phase.
b Serial numbers 1 to 5 are for the distances of the phosphorous atom of DPPC to the saccharide moieties of GM1. Numbers 6 to 9 are for the indicated atoms on the
two monolayers and for each of these, two values are given: the first value is for all the DPPCmolecules and the second is for the six DPPCmolecules that are closest to
GM1 among all the DPPC molecules (within each 1 ns interval).
c P and N are the phosphorous atom of DPPC and nitrogen atom in the choline moiety of DPPC. O2 and O1 are the carbonyl oxygen atoms. The sn (stereospecific
numbering) nomenclature has been used here for glycerol. For the saccharide moieties, the number density profiles were computed by considering all the atoms of that
saccharide.
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adjacent to biological membranes [17]. The electrostatic
potential along the bilayer normal was computed from the
present MD trajectory data. It is found that the electrostatic
potential of the monolayer containing GM1 is slightly negative
than that of the monolayer without GM1. The difference in the
electrostatic potential of opposing monolayers, one with GM1
and the other without, is 0.28 V; in contrast, this value is 0.12 V
for pure DPPC bilayer (Fig. 7). It has been shown that the
electrostatic potential of the phosphatidylcholine-GM1 bilayer
becomes more negative when the GM1 content increases [17].
The negative electrostatic potential due to the presence of GM1
has also been observed in MD simulations of GM1 in DMPC
bilayer [15].
The peak to peak distances for the atoms N, P, O1 and O2
were computed from the number density profiles; the values
were obtained from GM1+DPPC as well as from pure DPPC
bilayer simulations (Table 4). The values for the N and O1
atoms for the DPPC and GM1+DPPC systems are comparableTable 5
Hydration and hydrogen bonds of the hydroxyl groups of saccharides a
Simulation Number of water molecules
within 0.35 nm
Number of hyd
GM1-Os with
GM1-Os GM1 Water
A 72.4±5.8 36.93±4.77 46.9±4.0
B 70.0±5.3 37.23±4.84 45.1±3.8
C 72.1±5.8 36.90±5.20 46.4±4.2
F 69.7±5.3 35.15±7.26 45.0±3.6
G 69.6±5.3 33.45±4.52 44.9±3.8
I 69.4±5.2 30.27±4.76 44.8±3.6
J 69.1±5.4 27.91±6.72 43.7±3.9
K 69.8±5.2 25.13±4.67 45.1±3.6
a The method of choice to calculate the number of water molecules in the hydra
proximity of the hydroxyl groups lead to many shared water molecules. An alternativ
oxygen atoms has been used here; this roughly represents the first hydration shell [8to each other. It is quite possible that the effect of a single GM1
molecule might not be significant when surrounded by 48
DPPC molecules. It has been found from X-ray diffraction
studies that the thickness of a DPPC bilayer is invariant with
and without 5.7% GM1 [58].
The orientations of the P→N vectors (i.e., of the choline
head groups) in the two monolayers, one with GM1 and the
other without GM1, are very similar to each other and are also
quite similar to those found in the simulations of pure DPPC
(Fig. 8). The order parameters of the hydrocarbon chains for the
monolayers with and without GM1 are similar to each other;
however, these values are moderately higher when compared to
those for the pure DPPC bilayer (Fig. 9).
Overall, it is found that the bilayer is very dynamic and the
individual DPPC molecules making up the bilayer exhibit
considerable flexibility. Their movements in the bilayer-normal
direction also lead to a scenario wherein the bilayer surface is
uneven with several, non-uniformly distributed crevices (Fig.
10 and S4). This observation of a dynamic lipid bilayer is inrogen bonds formed by
GM1 with
GM1-Os Water GM1 DPPC
4.9±1.9 27.4±3.4 2.9±1.4 8.4±1.3
5.9±1.9 27.2±3.6 4.4±1.5 6.9±1.4
5.2±1.9 27.9±3.7 3.2±1.6 7.5±1.4
5.9±1.9 25.5±5.2 3.9±1.6 7.9±2.1
6.0±1.9 26.0±3.6 2.9±1.5 10.9±2.1
6.1±1.8 22.4±3.7 5.2±1.7 8.4±1.6
5.7±1.9 20.7±4.9 4.8±1.6 9.5±2.0
5.8±1.8 18.4±3.4 4.0±1.4 11.8±2.0
tion shell is radial distribution function. However, for carbohydrates, the close
e method of calculating the number of water molecules within 0.35 nm of solute
6].
Fig. 6. Solvent accessible surface areas per atom of the five monosaccharide
moieties of GM1 embedded in DPPC bilayer and of GM1-Os. The values are
averaged over data from all the eight simulations.
Fig. 7. Electrostatic potential along the Z-direction of the simulation box for the
simulations of DPPC bilayer with and without GM1. Electrostatic potential was
calculated by dividing the simulation box into 100 equal-sized bins. The graph
represents average electrostatic potential for all the eight simulations for each
bin. The electrostatic potential of the bilayer centre has been taken as 0. The
calculation proceeded as (A) monolayer containing GM1, (B) water phase and
(C) monolayer without GM1. The asymmetry in the profile of the pure DPPC
bilayer (i.e., without GM1) is probably because of the short simulation time,
small size of the simulated system, ignoring the undulations/protrusions while
calculating the electrostatic potential.
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high flexibility which enables thermally excited undulatory and
peristaltic motions [59–61].
5.2. Local perturbation of bilayer by GM1
As mentioned above, the effect of a molecule of GM1 on the
overall characteristics of the bilayer is not significant. However,
it is quite possible that GM1 does affect the region of bilayer in
its immediate neighborhood; these effects get diluted out when
the properties are measured for the entire system. To assess this
possibility, the orientations of the P→N vectors, peak to peak
distances and the order parameters were recomputed for only
the six DPPC molecules that reside in the neighborhood of
GM1. The 10 ns trajectory data was divided into 10 bins of 1 ns
duration each. Within each bin, the six DPPC molecules that are
in the immediate vicinity of GM1 for the longest duration were
selected for analyses. The average peak to peak distances
computed for these six DPPC molecules are less than those
obtained for the entire bilayer (Table 4); this suggests that the
bilayer undergoes compaction in the vicinity of GM1. The
orientations of the choline headgroup are also perturbed by
GM1 as can be seen from the changes in the angles subtended
by the P→N vectors with the bilayer normal (Fig. 8b). A
decrease in the order parameters of the hydrocarbon chains is
also seen in the neighborhood of GM1 (Fig. 9b). The
disordering effect on membrane upon addition of exogenous
bovine brain gangliosides has been demonstrated using
fluorescence probes [62]. However, the gangliosides have also
been shown to increase the order parameter of EPR probes 5-
and 16-nitroxystearic acid in phospholipid vesicles [63].
6. Discussion
GM1 and other gangliosides are present on the outer leaflet
of the cell membrane and their concentration is cell type-
dependent (for example, Ref. [8]). GM1 has been shown to
participate in a number of physiological processes such as theinduction of cellular responses by interacting with endogenous
ligands such as galectin-1 [64] and galectin-7 [65]. Its ability to
serve as the receptor for the cholera toxin is also well docu-
mented [66]. GM1 is also known to be a part of lipid rafts, where
it can influence the function of other regulatory protein molecules
[67].
Besides the exogenous proteins as mentioned above, certain
classes of proteins embedded in the bilayer also interact with
gangliosides— these include signaling proteins that are part of
lipid rafts [67], glycosyltransferases that are responsible for the
biosynthesis of glycolipids [68] and glycosidases involved in
degradation of glycolipids [69]. Specific recognition and
binding of the membrane-bound gangliosides by proteins is
critically dependent on the conformational and orientational
dynamics of the gangliosides.
What effect, if any, does the lipid bilayer have on the
accessibility of the saccharide moieties of GM1? The present
MD simulations show that the headgroup of GM1 does not jut
into the solvent phase, as is schematized quite often. Instead,
only one of the saccharide moieties (i.e., NeuAc3) is somewhat
above the bilayer (Table 4 and Fig. S3). The simulations also
show that the DPPC molecules in the bilayer are very dynamic.
Because of this dynamic nature of the bilayer, the orientation
(Fig. 5) and exposure of the saccharide moieties to solvent is
quite variable (Fig. 6). Thus, even though the number density
profile of Gal5 coincides with that of phosphorous in some of
the simulations (Table 4, Fig. S3), Gal5 is still accessible to non-
membrane-bound proteins. In fact, all the four saccharide
moieties Gal2, NeuAc3, GalNAc4 and Gal5 are exposed to the
solvent throughout the simulations (Fig. 10 and S4), although
the extent to which they are exposed varies.
The ganglioside headgroup displays considerable conforma-
tional and orientational dynamics, even though not as much as
GM1-Os in water. The accessibility of the individual mono-
saccharide moieties of GM1 to proteins depends on the specific
Fig. 8. (a) Distribution of angle of P→N vector with the Z-axis. Average of eight simulations (left panel) and pure DPPC bilayer without ganglioside (right panel). (b)
Distribution of P→N vector orientation (angle of P→N vector with Z-axis) of lipids those are neighbor of GM1.
Fig. 9. Deuteriumorder parameter of carbon atoms of hydrocarbon chain, averaged
over sn-1 and sn-2 chain. (a) With/without GM1 is the average order parameter of
the GM1-containing monolayer consisting and the monolayer without GM1,
respectively, for the eight simulations. DPPC upper layer and lower layer indicate
the order parameter of hydrocarbon chains of opposingmonolayerwhen the system
was simulated without GM1. (b) Average deuterium order parameter of carbon
atoms of six lipid molecules in neighborhood of GM1 (with ganglioside) and
randomly selected in the opposing monolayer (without ganglioside).
Fig. 10. Surface rendering of GM1 embedded in DPPC bilayer when viewed
perpendicular to the bilayer surface. All the 97 DPPC molecules that constitute
the bilayer in the simulation box are shown. Color code: DPPC, gray; Gal5,
cyan; GalNAc4, blue; NeuAc3, yellow; Gal2, orange; Glc1, green; ceramide,
red. The snapshots are rendered using Pymol [81] and with default values for
all the parameters. (a) Simulation B at 5 ns; (b) simulation C at 8 ns; (c)
simulation G at 8 ns; and (d) simulation J at 5 ns. Few other snapshots are
given in Fig. S4. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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the ligand binding site vis-à-vis the protein surface. It is
noteworthy that gangliosides, although present, are inaccessible
to/not recognized by their specific macromolecular ligands, a
phenomenon termed crypticity [70]. The conformations and
orientations of proteins such as glycosyltransferases and
glycosidases are also restricted to varying degrees because of
their being membrane-bound; this is an additional factor that
needs to be taken into consideration when investigating the
recognition and binding of membrane-bound gangliosides by
these proteins.
Gangliosides have been shown to self-associate and cluster
in the lipid bilayer [71–74]. Gangliosides are also known to be
part of lipid rafts [75–77]. The clustering or presence in more
ordered phase like that of lipid raft also will modulate the
presentation of gangliosides at the bilayer surface.
It is known that the exposure and orientation of GM1 vary
depending upon the nature of its fatty acid chain and the
surrounding lipid bilayer. For example, the exposure of GM1
embedded in DPPC vesicle to galactose oxidase from the
fungus Dactylium dendroides differs depending upon the length
of sphingosine base— the shorter base is acted upon more; the
difference in oxidation is not observed when GM1 is embedded
in EPC vesicle or micelles [78]. Variations in the fatty acyl or
long chain base length of GM1 has been reported to affect the
activity of CMP-N-acetylneuraminate:GM1 sialyltransferase in
presence of Triton CF-54. However, such differences in enzyme
activity are not observed when GM1 is embedded in DPPC
vesicle in the absence of detergent [79].
The system consisting of a single GM1molecule embedded in
a hydrated DPPC membrane is only a model system. The present
study carried out with a model membrane is still valuable since
some of the cell-surface recognition and binding phenomena can
be reproduced in vitro using liposomes and micelles of non-
physiological composition. This study is also a first step towards a
systematic reconstruction and analysis of a physiological
membrane containing gangliosides and other relevant proteins.
In conclusion, the present molecular dynamics simulation
study of GM1 embedded in a hydrated DPPC bilayer has been
able to reproduce properties reported in literature and has also
evaluated certain new properties. This study will act as the basis
for analyzing the effects of varying the headgroup type and
saturation and length of the hydrocarbon chain of the lipids
constituting the bilayer on GM1 headgroup dynamics.
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